Abstract-This letter aims at miniaturizing an annular-ring slot antenna that is suitable for the 2.4/5-GHz dual-band operations. The miniaturization purpose was achieved by embedding in the center patch of the antenna a pair of slots to excite three resonant modes. The resonant band of the first excited resonant mode was lowered from that of the unperturbed annular-ring slot antenna, whereas those of the second and third excited resonant modes were combined to form a wide upper operating band by appropriately adjusting the dimensions of the embedded slots. The proposed antenna proves to have very similar copolarization radiation patterns in its two operating bands and have enough antenna gains for practical applications.
. Since these standards may be simultaneously used in many systems, there is a need for designing a single antenna that can cover all these bands. In recent years, many microstripline-fed slot antennas have been developed for dual-frequency operations [2] [3] [4] [5] [6] . These operations can be achieved by putting together several disjointed slotlines [2] , [3] by appropriately arranging the feeding structures [4] , by embedding some metal strips in the slots [5] , or by adding a slit-loaded back-patch to a circular slot [6] . Although novel in structure and clever in feeding design, these antennas (inclusive of ground planes), if scaled to cover the 2.4-GHz WLAN frequency band, are relatively large.
Hence, the objective of this letter is to design a compact antenna that can support the 2.4/5-GHz bands. The size of the proposed microstipline-fed annular-ring slot antenna can be greatly reduced by implanting a pair of symmetric Y-shape-like slots in the center circular patch. In the frequency range of interest, the proposed antenna has three resonant modes, whereas the antenna without any embedded slots possesses only two resonant modes. Each mode has its own associated magnetic current distribution in the slot region (called the perturbed ring slot) formed by joining the pair of embedded Y-shape-like slots to the annular-ring slot. Some structural parameters of the embedded slots can be adjusted to move the two frequency bands and improve their corresponding impedance-matching characteristics.
II. ANTENNA STRUCTURE Fig. 1 shows the proposed antenna structure, which is printed on a square microwave substrate with a side length of , a thickness of , a dielectric constant of , and a loss tangent of . Deposited on the top side of the substrate is the metal ground plane, etched with an annular-ring slot of inner diameter and outer diameter . On the bottom of the substrate is a 50-feeding microstipline with a width of . In this letter, FR4 substrates with , , and were used. To design the antenna with miniaturization, we purposely fixed the ground plane size at and chose the radiating annular-ring slot to have and . In the fixed ground plane etched with the predetermined ring slot, a pair of Y-shape-like slots with a width of 0.5 mm was embedded in the center circular patch of a conventional annular-ring slot antenna so as to obtain the desired 2. Table I . much smaller than those of the antennas reported in [2] [3] [4] [5] [6] , if all these antennas are scaled to have the same first operating band around 2.4 GHz. The Y-shape-like slot consists of a horizontal section of length and an arc-shaped section (concentric with the annular ring) with a subtended angle of . The 50-feeding microstripline along the axis is extended across the annularring slot with a protruded length of , which acts as a tuning stub. Whenever the sizes of the Y-shape-like slots are varied, the tuning stub has to be tuned again for optimized impedance matching in the two operating bands.
III. RETURN-LOSS CHARACTERISTICS
In this letter, the return losses of many fabricated antenna prototypes were measured by using the Agilent N5230A network analyzer. The effects of the Y-shape-like slots on the return loss will be studied in detail in this section. Fig. 2 shows the return losses of three antennas. The one without any embedded slots in the center circular patch is called the reference antenna; the one embedded with only horizontal straight slots of , Antenna 1; and the one embedded with Y-shape-like slots having and , Antenna 2. The measured data of impedance bands are also summarized in Table I for comparison. Note that with the protruded length appropriately selected, two resonant modes having different center frequencies can be excited in the frequency range of interest even for the reference antenna. Table I .
A. Effects of the Subtended Angle
With the presence of only the horizontal straight slots (Antenna 1), the center frequencies of the first and the second resonant modes move to slightly lower and higher frequencies, respectively. This leads to a small increase of from 2 to 2.1 in the dual-frequency ratio , where and refers to the first and second resonant-band center frequencies, respectively. With the presence of the Y-shape-like slots, both resonant modes are shifted to lower frequencies as the subtended angle is increased. As (Antenna 2), the dual-frequency ratio is approximately 2.16.
From Fig. 3 we note that as becomes larger than 90 , not only are the first two resonant-band center frequencies lowered, but the third resonant mode is also excited in a frequency band slightly higher than that of the second resonant mode. This resonant band can be combined with the second one to form a broader upper operating band, whereas the first resonant band is itself the lower operating band of the proposed antenna. Whenever the upper operating band is different from the second resonant band, let be redefined as the center frequency of the upper operating band, instead of that of the second resonant band. Because of the combination of two resonant bands into a single operating band, the impedance bandwidth of the upper operating band dramatically increases with the value of . Since the third resonant-band center frequency is relatively insensitive to the increase of , only slightly decreases with the increase of . By contrast, decreases more with the increase of . Hence, As is increased from 90 (Antenna 3) to 150 (Antenna 5), the dual-frequency ratio is still increased from 2.17 to 2.44 (if is taken as the second resonant-band center frequency, then the dual-frequency ratio in changed from 2.17 to only 2.23).
From the experimental data, observe that Antenna 4 (with ) can be used for both the 2.4 GHz (2400-2484 MHz) and 5 GHz (5-6 GHz) commercial frequency bands. This antenna requires only 58% the area of the reference antenna if the latter is also designed to have the same first operating frequency band. If the antennas in [2] [3] [4] , and [6] are all scaled to cover the 2.4-GHz band, their radiator areas (regarded as the ones of the regions interior to the outer perimeters of the slots or ring slots) are about 60%, 94%, 147%, and 42%, respectively, larger than that of Antenna 4. As for Antenna 5, 50% of the area can be saved as compared with the reference antenna. The simulated return-loss curve for Antenna 4 (by using Ansoft HFSS, a full-wave electromagnetic simulator) has the same trend as the measured one. The discrepancies may be due to etching inaccuracies occurring in the manufacturing process. Fig. 4 shows the measured return losses of the proposed antennas with and , but with three different horizontal-slot lengths. The return-loss curves around the first resonant band are almost the same for the three values of (i.e., 3, 4, and 5 mm). However, if is set less than 5 mm (i.e., less than , where ), the impedance-matching characteristic in the third resonant band is not as good as that for the case of (Antenna 4). This indicates that affects impedance matching mainly over the combined frequency band (i.e., the upper operating band). Fig. 5 illustrates in the annular-ring slot of the reference antenna the first and second resonant-mode equivalent magnetic distributions, which were sketched according to the results simulated using Ansoft HFSS. In this figure, the half-guided-wavelength routes of the magnetic currents are denoted by the short- dashed lines drawn beside the magnetic-current distributions. For the first resonant mode, the lower-side half-guided-wavelength route appears to be slightly shorter than the upper-side one because of the excessive slotline shunt capacitance introduced by the feeding microstipline. This can be explained by the fact that the shunt capacitance on a transmission line can shorten the transmission-line length required in a circuit design [7] . For the second resonant mode, there exist for the magnetic currents four half-wavelength routes, among which the one passing the feeding position has the shortest length.
B. Effects of the Horizontal-Slot Length

IV. MAGNETIC-CURRENT DISTRIBUTIONS IN SLOT RREGION
Demonstrated in Fig. 6 are the resonant-mode magnetic current distributions in the perturbed ring slot of the proposed antenna. Due to the embedded Y-shape-like slots, the half-guidedwavelength route of the first resonant-mode magnetic current distribution for the proposed antenna becomes longer than that for the reference antenna. Hence, the first resonant-band center frequency of the proposed antenna is lower than that of the reference antenna. For the second resonant mode of the proposed antenna, its magnetic current has a shorter half-guided-wavelength route than that of the first resonant mode does, but is still distributed in the whole perturbed ring slot. Hence the second resonant-band center frequency is higher than the first one and is also greatly influenced by the dimensions of the Y-shape-like slots (see Figs. 2 and 3) . On the other hand, the magnetic current for the third resonant mode is mainly distributed in the annular-ring slot only and is very similar to the second resonant-mode magnetic-current distribution of the reference antenna. Hence, the third resonant-band center frequency is relatively insensitive to the dimensions of the Y-shape-like slot (see Figs. 3 and 5) , and is very close to the second resonant-band center frequency of the reference antenna (approximately 6.4 GHz). 
V. RADIATION CHARACTERISTICS
The far-field patterns of Antenna 4 in both the and planes at the three resonant-band center frequencies were measured by using the NSI-800F-10 far-field antenna measurement system. As shown in Fig. 7 , the measured patterns agree quite well with the simulated ones, especially for the copolarized fields (the co-and cross-polarized fields correspond to and , respectively). The patterns have very low cross-polarization levels except for the third resonant-mode patterns in the plane. In fact, the first two and the third resonant-band radiation patterns of Antenna 4, respectively, are very similar to the first and the second resonant-band radiation patterns of the reference antenna. As shown in Fig. 8 , the antenna gains of Antenna 4 around the lower operating band were measured to be around 1.5 dBi, which is lower than 2.8 dBi, the antenna gain of the reference antenna in its lower operating band; around the upper operating band, 4.5 dBi, which is higher than the antenna gain of 2.5 dBi in the upper operating band of the reference antenna.
VI. CONCLUSION
In this letter, a microstripline-fed annular-ring slot antenna with its center patch embedded with Y-shape-like slots has been proposed for 2.4/5-GHz dual-band applications. The slot area of the proposed antenna can be reduced to only 58% that of a conventional annular-ring slot antenna when both antennas are designed to have the same lower operating band. The antenna has demonstrated very similar copolarization radiation patterns in both operating bands and very low cross-polarization levels in the first two resonant bands.
